Polyphenylene Dendrimers with Perylene Diimide as a Luminescent Core Andreas Herrmann, [a] Tanja Weil, [a] Veselin Sinigersky, [a] Uwe-Martin Wiesler, [a] Tom Vosch, [b] Johan Hofkens, [b] Frans C. De Schryver, [b] and Klaus Müllen* [a] Abstract: A novel synthesis is presented of a fourfold ethynyl-substituted perylene diimide dye 4, which acts as a core molecule for the buildup of polyphenylene dendrimers. Around the luminescent core 4, a first-generation (5), a second-generation (6) , and a thirdgeneration (7) polyphenylene dendritic environment consisting of pentaphenylbenzene building blocks are constructed. The dendrimers 5 and 6 are synthe-sized by an exclusively divergent route, whereas for 7, a combination of a divergent and convergent approaches is applied. Absorption and emission spectra of 5 ± 7 in different solvents and in a film have been measured and compared to a nondendronized model compound 13 . In solution, the internal chromophore is scarcely influenced by the dendritic scaffold; however, in the solid state, aggregation of the perylene diimide is prevented very effectively by the four rigid dendrons. Additionally, fluorescence quantum yields in solution have been determined for 5 ± 7 and 13;
Introduction
In recent years, the focus of interest in the field of dendrimers has switched from constructing new skeletons and higher generations to the search for new applications. In this context, the functionalization of dendrimers with dyes plays an important role. [1±3] In particular, the covalent incorporation of a chromophore into the center of these cascade molecules has produced new supramolecular systems. Azobenzene connected to a dendritic framework acts as a photoswitch, [4, 5] and central porphyrines within dendrimers are model compounds for heme-containing proteins [6, 7] and molecular antennae. [8] Monosubstituted perylenes connected to phenylacetylene dendrons of different sizes make effective energy funnels. [9] In this contribution, we present the incorporation of a perylenetetracarboxylic diimide chromophore into the center of a dendrimer. This class of pigments and dyes exhibits outstanding chemical, thermal, and photochemical stability. [10±14] Therefore they are widely used in the fields of paints and lacquers; but they are also key chromophores for high-tech applications, such as photovoltaic cells, [15] optical switches, [16] lasers, [17, 18] and light emitting diodes. [19±21] As a shape-persistent scaffold we selected polyphenylene dendrimers, which have recently been introduced by our group. [22±25] These dendrimers are made by repetitive Diels ± Alder reactions by using an aromatic core bearing at least one ethynyl function and a tetraphenylcyclopentadienone derivative to form pentaphenylbenzene units. In this structural motif, the benzene rings are strongly twisted so that they do not serve as chromophores themselves. The unique features of the highly soluble, three-dimensional polyphenylenes are high thermal (b 450 8C) and photochemical stability as well as shape persistence. [26] Connecting dendrons of different generations to an internal chromphore the size of the resulting nanostructure can be controlled, and the dye is separated from the surrounding medium. As a consequence, aggregation, crystallization, and migration should be suppressed; this would result in a better solubility, better film forming properties, and hindering of the formation of excimers and exciplexes of the internal dye.
The above-mentioned changes in the physical properties of the incorporated dye suggest the use of these nanostructures in the emissive layer of LEDs. This objective has been pursued by Wang et al. and Pillow et al. by the construction of an energy-and electron-transport dendritic layer around small molecule emitters. [27, 28] Apart from that, the generation of a covalently attached environment around a stable chromophore, which can be considered as a blend on the molecular level, makes these molecules potential candidates for single-molecule spectros-copy (SMS). With this technique it is possible to study the interaction of a fluorophore with the surrounding matrix with a very high spatial resolution and at cryogenic temperatures even with high frequency resolution. Observing only single molecules enables their characterization in complex condensed matter, and heterogeneities in a population of molecules can be identified and related to their molecular environment. In contrast to this technique, conventional methods generally give results averaged over many molecules. [29±31] In this paper we describe the synthesis of a tetraethynylsubstituted perylenetetracarboxylic diimide derivative 4, which is required as a core in this dendrimer type. Starting from this luminescent core, the preparation of a first (5) , second (6) , and third-generation dendrimer (7) is presented. In the last, a divergent and a convergent approach for the dendrimer growth are combined in a very efficient way. To compare the optical properties of these dendritic chromophores with a nondendronized chromophore, the model compound 13 has also been synthesized.
Results and Discussion
Synthesis of the perylene core molecule 4 and the model compound 13: The synthesis of the luminescent core 4 as well as that of the model compound 13 is shown in Scheme 1. It starts from tetrakis(tetramethylbutylphenoxy)-3,4,9,10-perylenetetracarboxylic dianhydride (1) , which is readily available on the gram scale. [32] This class of perylene derivatives, which carry substituents in the 1, 12 and 6, 7 positionsÐthe so called bay regions, show some remarkable features. By introducing two or four substituents into these bay regions, the two naphthalene units of the planar perylene core are twisted against each other because of the sterical demand of the substituents. This holds true for all perylene derivatives described herein, and can be seen in Figure 3 , below. The nonplanarity of compound 1, as well as the four bulky alkylaryloxy substituents, increases its solubility, which makes subsequent purification by column chromatography much easier. Moreover, the phenoxy substituents contribute to the shielding of the internal chromophore. Imidization of 1 with commercially available 3,5-dibromo-4-methylaniline leads to the perylenetetracarboxylic diimide 2, which carries four bromo substituents (Scheme 1). In this imidization reaction, the standard procedures for aromatic amines (i.e., high boiling solvents like quinoline or imidazole in the presence of zinc salts at temperatures of about 200 ± 220 8C) known for perylenetetracarboxylic dianhydride lead to a mixture of all possible isomers of debrominated derivatives of 2 due to the addition of an inorganic condensation catalyst such as zinc acetate or zinc chloride. [33, 34] The debromination reaction can be suppressed by using quinoline as a solvent, the more moderate temperature of 160 8C, and a reaction time of six hours. An eightfold excess of 3,5-dibromo-4-methylaniline and P 2 O 5 as the catalyst are also used. Similar reaction conditions have been applied by Gregg et al., who have elaborated a straightforward synthesis for perylenetetracarboxylic diimides with enhanced solubilities (pyridine, 100 ± 125 8C). [35] Acidic workup and subsequent purification with column chromatography on silica give the desired product 2 in 89 % yield. To synthesize the unsubstituted model compound 13, from which no dendrimer growth is possible, the same reaction conditions were used as for the synthesis of 2. The only difference consisted of the use of aniline as aromatic amine for imidization. Compound 13 was obtained as a purple material in 89 % yield.
By applying a fourfold Hagihara ± Sonogashira coupling, [36±38] the four bromo substituents can be replaced by triisopropylsilylacetylene. The reaction is carried out in a mixture of piperidine and THF (1:1) with a catalyst system consisting of tetrakis(triphenylphosphine)palladium and CuI at 65 8C. Traces of a threefold ethynylated debrominated species are detected as a side product, but can easily be separated from the title compound 3 by column chromatography. The desired product is obtained in 81 % yield as a purple solid. The tetraethynyl-substituted luminescent core molecule 4 is obtained after cleavage of the triisopropylsilyl (TiPS) groups with tetrabutylammonium fluoride (Bu 4 NF) in THF.
Despite their extended rigid molecular structures, the solubilities of 1 ± 4 and 13 in common organic solvents are high (70 ± 80 mg mL À1 in chlorinated solvents like dichloromethane or chloroform); this allows full characterization. Additionally, their analysis by 1 H NMR spectroscopy is facilitated by the high degree of symmetry in the molecules (see Experimental Section).
Dendrimer formation:
The key steps of the dendrimer synthesis consist of an iterative protocol of a Diels ± Alder reaction followed by a deprotection step. In this way, an aromatic ethyne reacts with a cyclopentadienone of types 10 ± 12 (Scheme 2) that acts as a building unit in the [24] cycloaddition. After the extrusion of carbon monoxide, a new Scheme 2. Building blocks 10, 11, and 12 for the dendrimer sythesis. benzene ring is formed. This leads to pentaphenylbenzene repeat units. With cyclopentadienone derivatives 10 and 12, no further dendrimer growth is possible because they do not possess acetylene groups. In this respect cyclopentadienones 10 and 12 act as terminating reagents and produce one or two dendritic layers, respectively. In contrast, 3,4-bis[4'-(triisopro-pylsilylethynyl)phenyl]-2,5-diphenylcyclopenta-2,4-dienone (11) contains, beside the diene function, two dienophile functions and can thus be regarded as an A 2 B-branching reagent. Since the two ethyne groups are protected by the sterically demanding TiPS groups, compound 11 only acts as a diene. After realization of the Diels ± Alder reaction, the protecting groups can be removed from the subsequent generation by employing Bu 4 NF. Due to the inherent stiffness of the phenyl ± phenyl array and the dense packing of the benzene rings, which has been proven by Atomic Force Microscopy measurements, [26] a shape persistent, nanosized (up to 6 nm), all-hydrocarbon dendritic framework is created.
In the synthesis of the first-generation dendrimer, core molecule 4 reacts with an eightfold excess of cyclopentadienone 10. The reaction can be carried out either in a mixture of diphenyl ether and tetraethylene glycol at 195 8C or in oxylene at 140 8C. Applying o-xylene as a solvent has the advantage that the product is easily obtained by precipitation in methanol after concentration. On the other hand, the use of the solvent mixture necessitates a further purification step, but leads to shorter reaction times. After filtration, the pure product 5 is obtained as a purple powder.
For the buildup of the second-generation dendrimer, the A 2 B-building unit 11 and the terminating reagent 10 have to be employed. The Diels ± Alder reaction of the core 4 with 11 leads to the octakis-TiPS-ethynyl-substituted first-generation dendrimer 8. Thereafter the same solvents as for the formation of the first generation can be applied. Workup is different in this case; purification by column chromatography is necessary because a portion of the starting material 11 also precipitates from methanol. After an easy deprotection of 8 with Bu 4 NF, compound 9 is used for an eightfold addition of 10; this results in the second-generation dendritic chromophore 6 in a yield of 84 % (Scheme 3). The same reaction conditions as for the formation of the first generation are applied, but with a 20-fold excess of the diene.
In contrast to the formation of the first two generations, the third-generation dendritic chromophore is synthesized by an approach combining divergent and convergent growth. This has the advantage that, due to higher mass differences, in the case of incomplete reaction the product can be better purified. No conversion is observed when building block 12 is employed with the octaethynyl-substituted first-generation dendrimer 9 and o-xylene is used as solvent. The use of 20 equivalents of 12 at 195 8C in diphenyl ether/tetraethylene glycol leads, after 7 days reaction time, to the desired product 7 in 58 % yield (Scheme 4).
The nonfunctionalized dendritic structures 5, 6, and 7, as well as the triisopropylsilyl-protected first-generation dendrimer 8 and the octaethynyl-substituted unprotected firstgeneration dendrimer 9, are all highly soluble in common solvents such as dichloromethane, toluene, or tetrahydrofuran. Therefore, characterization is performed by MALDI-TOF mass spectrometry as well as by 1 H and 13 C NMR spectroscopy. Experimentally determined and calculated m/z ratios agree perfectly for all title compounds within the range of accuracy of the instruments. The signals obtained for these macromolecules consist either of only the [M] or of the [MNa] peak, and confirm their monodispersity (see Experimental Section). MALDI-TOF-MS measurements, moreover, allow the detection of potential growth imperfections resulting from unreacted ethynyl groups during the Diels ± Alder reaction with the building blocks 10, 11, and 12, even for the higher generations. Each unreacted ethynyl group would cause a mass difference of 356, 711, or 1117 g mol À1 (for 10, 11, or 12, respectively, less CO) relative to the completely reacted product. Therefore MALDI-TOF-MS is used for both the characterization of the monodisperse dendritic macromolecules described herein and for controlling the dendrimer growth, especially for the synthesis of the third generation 7 with its long reaction time. An example MALDI-TOF spectrum of 7 is given in Figure 1 that clearly demonstrates the monodispersity of this compound.
Characterization of the perylene diimide core dendrimers by 1 H NMR spectroscopy is performed in tetrachloroethane because the signal of this solvent does not overlap with any signal of the characterized dendrimers. Well-separated and assignable signals are obtained for the aromatic perylene protons and the aliphatic protons consisting of CH 3 , CH 2 , (CH 3 ) 2 , and (CH 3 ) 3 groups of the core molecule. For the dendritic environment, only the TiPS groups of 8 and the ethyne protons of 9 are clearly assignable. The aromatic protons of the core and the aromatic protons of the dendrons can not be distinguished due to a strong overlap of the signals. As the number of aromatic signals increases with the number of generations, the peaks become more unstructured in the range of the aromatic region between d 6.6 and 7.4. However, the intensity ratios between all separated peaks and the absorptions of the aromatic region agree perfectly with the theoretically expected values. All dendrimers should exhibit a high degree of symmetry, but 1 H NMR spectroscopy reveals the formation of conformational isomers. This conclusion can be drawn from the spectra of 5 measured at 333 and 413 K, which are depicted in Figure 2 .
At 333 K, the perylene protons and some aromatic protons as well as the CH 2 and the (CH 3 ) 3 protons show a larger number of signals than expected from the constitution. This outcome is due to dynamic exchange processes because, at 413 K, these signals exhibit coalescence behavior with formation of broadened singlets. Related findings are made for the homologous dendritic structures 6 and 7, but not, however, for model compound 13, which is without a dendritic shell. Hindered rotations around the O-phenyl bond and around the N-phenyl bond of the imide moiety are possible dynamic processes that could cause the line broadening, because both rotational interconversions are supposed to change the magnetic sites of the abovementioned protons. The lack of line broadening for the nondendronized structure 13 suggests that only N-phenyl rotation or, more probably, both rotational processes with a mutual steric hindrance of dendron and alkylphenoxy units are responsible for the observed spectra. Further NMR experiments and calculations of the energy hypersurface of 5 are under way and will be published elsewhere. What is also relevant for these considerations is the fact (see below) that, due to the strong hindrance of neighboring aryloxy groups, the perylene p-system strongly deviates from planarity. 13 C NMR resonances of the polyphenylene dendrons can not be assigned completely because of the many overlapping signals, and at high generations some of the resonances of the core carbons are to weak to be detected.
Visualization/simulation: The structures of the perylene core and of the model compound 13 have been optimized by using the semiempirical PM3 method, as implemented in Hyper-Chem 5.1 (Hypercube Inc.). The resulting molecule is strongly twisted in the bay position with a torsion angle of 288 between the two naphthalene units. This calculation stands in very good agreement with the crystal structure of a similar molecule. [39] The dendrons from the first up to the third generation have been minimized separately by using MM2 (MM) force field geometry optimization. Furthermore, optimization of the whole dendritic system was performed by combining four first-generation dendrons with the perylene core and minimizing the whole system. The conformer with the lowest energy for the first generation 5 shows dendrons arranged nearly perpendicular to the averaged perylene plane (Figure 3) . The higher-generation dendronized perylene (second generation 6) was obtained similarly by connecting an optimized second-generation dendron with the minimized perylene core and subsequent geometry optimization of the entire molecule. To get an idea of the molecular dimensions, the diameter of each generation can be determined from the optimized three-dimensional structures and amounts to 3.1 nm for the first, 4.7 nm for the second, and 6.1 nm for the third generation (whose optimized structure is not shown). These values indicate a successive increase in size on going from one generation to the next higher one. Obviously, the dendrons shield the perylene core so that aggregation of two perylene units should be hindered. This is in agreement with the optical behavior of compounds 5 ± 7 and 13 in the solidstate (see following section).
In this case the simulation of the series of dendrimers 5 ± 7 is a good first approximation of the three-dimensional structures; however, to obtain insight into the dynamic behavior described above, a molecular dynamics conformational search is necessary, which is still under investigation.
Optical characterization: For the application of the structures 5 ± 7 and 13 as light emitting layers in LEDs or as probes for SMS it is necessary to study the influence of the dendritic shell on the optical behavior of the incorporated chromophore. Therefore, UV/Vis absorption and emission spectra of the dendrimers 5, 6, and 7 and of the model compound 13 were measured in solution and as a film, and their fluorescence quantum yields were determined.
The UV/Vis absorption spectra of all the dendrimers exhibit two components. One absorption is due to the central chromophore, the other absorption band at much shorter wavelengths is dominated by the dendritic framework, which consists of strongly twisted benzene units. The ratio of the dendron absorption to that of the core increases with the generation number, as can be seen from Figure 4 , which shows the UV/Vis spectra of 5 and 6. The dramatic increase in the relative intensities of the dendron absorption and the perylene diimide absorption with its maxima at 571, 529, and 443 nm can be explained by the different number of benzene rings present in the structures 5 and 6. The G1 dendrimer 5 contains 26 benzene rings, whereas the G2 dendrimer 6 has 66 benzene rings per perylene chromophore.
In order to determine the effect of the dendritic shell on the incorporated perylene diimide chromophore, the dendritic structures 5 ± 7 can easily be compared with the unsubstituted model compound 13. The absorption spectrum of perylene diimide 13 in toluene solution, which is structurally similar to the polyphenylene dendrons, exhibits three maxima at 577, 537, and 444 nm (Figure 5a ). Between this spectrum and the spectra of the dendritic structures 5 ± 7 virtually no difference can be observed.
This changes when chloroform is used as a solvent are shown in Figure 5b . In this more polar medium (as compared with toluene or the polyphenylene dendrons) the absorption spectrum of 13 differs from that of 5 ± 7. The main absorption maximum of 13, which is located at 590 nm, is bathochromically shifted by 6 nm in contrast to the main absorption maxima at 584 nm of 5 ± 7.
The same trend, nearly identical spectra for the model compound 13 and for the dendrimers in toluene with maxima at 608 nm and a significantly red shifted spectrum of 13 relative to 5 ± 7 in chloroform, is also observed for the emission spectra. In chloroform, 13 emits with a maximum at 622 nm while the dendrimers show a maximum emission at 618 nm. Additionally, excitation at the wavelengths of 287, 463, 549, and 589 nm leads to emission spectra of the same shape as presented in Figure 5 . The intensity of the emission is not influenced significantly by the dendritic framework.
Major differences between the model compound and dendrimers occur when considering the solid-state absorption behavior. These spectra have been recorded from films prepared by spin-coating from toluene solutions onto quartz substrates, and are depicted in Figure 6 . Remarkably, the transparency of thin films of the dendritic structures 5 ± 7 is higher in contrast to the model compound 13; this is due to crystallization of the nondendronized chromophore. The spectra show typical broadening relative to solution spectra. In this case, the onset of the absorption bands of the model compound 13 is shifted by 20 nm to the red in comparison with the dendrimers 5 ± 7. The absorption maximum of 13 is located at 585 nm, whereas the maxima of G1 5, G2 6, and G3 7 occur at 565, 565, and 566 nm, respectively. This shift in the homologous series of model, G1, G2, and G3 as observed for the solid-state absorption behavior is also visible in the fluorescence spectra of these compounds. The spectrum of the model compound 13 is also significantly shifted to the red by 20 nm (compare Figure 6 b ).
The fluorescence quantum yields of 5 ± 7 and 13 were determined by using cresyl violet as a reference chromophore. Upon excitation with a wavelength of 540 nm, the quantum yields for 5, 6, 7, and 13 were found to be 0.83, 0.81, 0.73, and 0.90 in chloroform and 0.95, 0.83, 0.78, and 0.99 in toluene, respectively. The fact that the fluorescence quantum yield decreases with the number of generations suggests that new nonradiative deactivation pathways are opened up by the polyphenelene dendrons. The observed significant red shift in the solid-state absorption and emission spectra of the model compound 13 relative to the spectra of the dendrimers 5, 6, and 7 can be ascribed to the avoidance of p-stacking of the perylene core even by the first dendrimer generation. Moreover, the results of the solution absorption and emission measurements suggest that the dendritic substituents dominate the microenvironment of the chromophore.
Conclusion
We have synthesized a fourfold ethynyl-substituted perylene diimide 4 that is a suitable core molecule for the buildup of polyphenylene dendrimers. Around this luminescent core, a first-generation (5), a second-generation (6) , and a thirdgeneration (7) polyphenylene dendritic environment consisting of pentaphenylbenzene building blocks have been constructed. A clear advantage of the combination of a divergent and a convergent approach is that few synthetic steps have to be carried out on the dendrimer for the synthesis of the third generation 7. Only on the core molecule for the synthesis of the octaethynyl G1 9 do many steps have to be performed, and here structural control is easy because the addition of the A 2 B-building block is only fourfold, and additional purification is feasible. This helps to avoid the accumulation of impurities and growth imperfections for the higher generations, as might be the case in an exclusively divergent approach. Cyclopentadienone 12 is a powerful reagent for the synthesis of two polyphenylene dendritic layers and should be applied when very accurate structural control of the product is desired.
The photophysical investigation of the dendritic structures 5, 6, and 7 and the nondendronized model compound 13 shows that the four dendrons around the core only have a small influence on the optical behavior of the internal chromophore. On the other hand, the dendritic framework substantially improves the film-forming properties of these materials. The absorption and emission behavior of opticalquality films allow the conclusion that, from the first generation on, no aggregation of the perylene diimide chromophore occurs in the solid state. Accordingly, the optical properties of the internal chromophore, such as high quantum yield of fluorescence, absorption and emission properties, and high photostability, have been maintained to a large extend while processing and aggregation properties have been improved; this might be of especial interest for further applications in LEDs. The photophysical behavior and the formation of isomers, detected by NMR spectroscopy, are challenging starting points for SMS studies, which will be published separately. Physical and analytical methods: 1 H and 13 C NMR spectra were recorded on a Bruker AMX 250, a Bruker AC 300, and a Bruker AMX 500 NMR spectrometer by using the residual proton resonance of the solvent or the carbon signal of the deuterated solvent as the internal standard. Chemical shifts are reported in parts per million. Infrared spectra were obtained on a Nicolet FT-IR 320. For 13 C j-modulated spin-echo NMR measurements, the abbreviations q and t represent quaternary C atoms and CH 2 as well as CH 3 and CH groups, respectively. FD mass spectra were performed with a VG-Instruments ZAB 2-SE-FDP. MALDI-TOF mass spectra were measured with a Bruker Reflex II with THF and dithranol as matrix (molar ratio dithranol/sample 250:1). The mass peaks with the lowest isotopic mass are reported. UV/Vis absorption spectra were recorded on a Perkin Elmer Lambda 9 spectrophotometer, fluorescence spectra on a SPEX Fluorolog 2 N,N'-Bis-(3,5-dibromo-4-methyl)phenyl-1,6,7,12-tetrakis-[4'-(1'',1'',3'',3''-tetramethylbutyl)phenoxy]-3,4,9,10-perylenetetracarboxylic diimide (2): 1,6,7,12-tetrakis-[4'-(1'',1'',3'',3''-tetramethylbutyl)phenoxy]-3,4,9,10-perylenetetracarboxylic dianhydride (1) (5.0 g, 4.13 mmol), 3,5-dibromo-4-methylaniline (6.57 g, 24.78 mmol), and P 2 O 5 (500 mg) were dissolved in quinoline (150 mL), and the mixture was stirred for 6 h at 160 8C under an atmosphere of argon. After cooling, the reaction mixture was poured into HCl (1.5 L, 18 %). The precipitate was filtered and washed with water. The crude product was dried and chromatographed on silica with CH 2 Cl 2 /light petroleum (2:1) as eluent. Compound 2 was obtained as a purple solid. Yield and copper(i) iodide (60 mg, 0.32 mmol) were dissolved in a mixture of THF and piperidine (250 mL, 1:1). The reaction vessel was closed with a septum and heated to 70 8C. Then triisopropylsilylethyne (6.4 g, 35 mmol) was added with a syringe while keeping the reaction temperature constant. Afterwards the temperature was increased to 80 8C, and the reaction mixture was allowed to stir for 12 h. After cooling, the solution was diluted with CH 2 Cl 2 (250 mL) and poured into HCl (1 L, 18 %). In a seperation funnel the organic phase was separated, dried with NaSO 4 , and evaporated under reduced pressure. The crude product was chromatographed on silica with light petroleum/CH 2 Cl 2 (2:1) as eluent. Compound 3 was obtained as a purple solid. Yield: 4.89 g, 79 %; m.p. 105 8C; UV/Vis (CDCl 3 ): l max (e) 583 (36 562), 551 (21 496), 451 (12 142), 266 nm (73 300 m À1 cm À1 ); 1 H NMR
